Technology, describes work taken from Project 3475-2. This project, entitled "Reactions of Pulping and Bleaching -Delignification Reactions," is presently concerned with how anthraquinone (AQ) functions as a delignification catalyst.
INTRODUCTION
Quinonemethides (QMs) are considered to be the focal point in two reactions which are important to the removal of lignin from wood during pulping, namely lignin fragmentation and condensation reactions. 1 Anthrahydroquinone (AHQ) has" been shown to react with simple quinonemethides to give 1:1 addition products, referred to as QM-AHQ adducts.2-4 Adducts containing $-aryl ether linkages decompose in warm alkali to give principally anthraquinone (AQ) and two phenolic products (Scheme I). 3, 4 A fragmentation reaction of this type can partially explain the rapid delignification rates that are known to occur with anthraquinone pulping.
Another way that AHQ can influence delignification rates is by retarding lignin condensation reactions. We have observed that AHQ is capable of suppressing the condensation reactions of a simple lignin model, vanillyl alcohol. 5 The results provide some insights into possible reactions which could be occurring during alkaline pulping with AQ.
RESULTS AND DISCUSSION

Low Temperature Adducts Reactions
The adducts used in this study were prepared by the reaction of anthrahydroquinone dianion (1-2) with quinonemethides which were generated in situ in aqueous alkali at 60°(eq. 1). 2 The reactions were done in a nitrogen atmosphere in order to avoid the rapid air oxidation of AHQ forms to AQ.
Adducts 3a-c, after isolation and purification, were each placed in aqueous alkali and stirred at room temperature for 24-hours in open-air flasks. Acidification led to nearly complete recovery of the adduct in each case. However, noticeable changes occurred when solutions of 3a and 3b-were warmed past 60°.
Adduct 3c was recovered unchanged after heating in alkali; presumably, the low reactivity here is due to a very low solubility of 3c in aqueous alkali. 
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In summary, the air studies at 60-90°and the crossover experiment clearly demonstrate that QM-AHQ adducts enter into an equilibrium with their component parts, AHQ -2 and QMs, at temperatures above about 60°.
100°Anaerobic Reactions of Adduct 3a
Heating adduct 3a for several hours at 1000, under nitrogen, gave a 100% yield of AQ and a 93% yield of a 2 QM-AHQ adduct 10.
The yield calculations were based on the stoichiometry indicated by equation 3. The structural proof of 10 was provided by elemental analysis, extensive spectral analysis and synthesis, i.e., treating anthrone (9) with two equivalence of 6.2 A small amount of 10 was observed in the cooks done at 60-90° which began under nitrogen before being exposed to air; the material was not characterized there because of interfering condensation products. 
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A possible mechanism for the formation of 10 from 3a, which is technically a reduction process, is shown in Scheme II. 
O OH OH 10 (8) ating the resulting samples and analyzing by GC-MS. Compound 11 was not observed in any of the samples. This was puzzling until it was demonstrated that an authentic sample of 11 decomposed during methylation. Qualitatively, we observed that the concentration of 3a decreased and 10 increased as the 100°anaerobic reaction proceeded, but the latter increased at.a slower rate than the former decreased. Presumably, the difference is due to the production of 11.
Heating 3a in the presence of eight equivalents of AHQ -2 , however, produced reasonable levels of 11, as determined by NMR.
This result can be explained by considering the reactions in Scheme II. Excess AHQ -2 should drive equation 4 back to ion 3a and thus greatly lower the level of quinonemethide 2a. With low levels of 2a, step 8 which produces compound 10 will be disfavored. Consequently, ion 11-2 builds to a high level and leads to 11 upon protonation. ·
The proposed reduction mechanism (Scheme II) involves radical anion intermediates. Reactions which depend on radical anion intermediates to achieve a desired transformation can frequently be altered or terminated by the addition of a radical anion quencher, such as dinitrobenzene. 8 The latter is effective in organic solvents but may not be in an aqueous system. We reasoned that 3,5-dinitrobenzoic acid (DNBA) would be soluble in aqueous alkali and act as a radical anion quenching reagent. Its effect on the reduction of 3a by AHQ -2 was examined.
The reaction between 3a and AHQ -2 was repeated in the presence of DNBA and no reduction occurred; anthraquinone, along with regular and oxidized condensation products, and 4-hydroxybenzaldehyde were produced. Several control experiments involving DNBA were performed and it was learned that DNBA is capable of accepting two electrons from AHQ-2 to give AQ (see Experimental for additional discussion). Thus, it is not certain whether DNBA is quenching radical anion processes or just removing AHQ -2 from the system.
Landucci has reported that one electron redox reactions of AQ and AHQ-(eq. 9) differ significantly in their energetics in organic solvents, but occur simultaneously in water. 3 The AHQ reductions of models 12 and i3 were next examined.
These compounds would be expected to undergo a simple C 10 -transformation of OH to H in the presence of AHQ -2 , without the complication of the C 1 0 -alkyl substituent coming off and going on. Unfortunately, 12 and 13 were not reduced by AHQ -2 in aqueous alkali, presumably because of their low solubility. The adducts were also not reduced by AHQ-2 .in aqueous dioxane, a solvent system in which they were somewhat soluble. Surprisingly, adduct 3a was-also not reduced when aqueous dioxane was employed as the solvent. Apparently dioxane interferes with the reduction process. 
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The above set of reactions offer an explanation as to how anthrone (found in trace amounts 9 ) is formed during AQ pulping.
Anthrone adduct 10 has been used as a source of quinonemethides; 2 consequently, anthrone adducts appear to mimic AHQ-adducts in that they enter into equilibria with their constituent parts. Anthrone adducts, or derivatives thereof, may account for other losses of AQ during pulping.10, 1 1 The reduction of adducts by AHQ -2 may not be a significant reaction in pulping because of concentration effects. Adduct concentrations should be low due to the reversible nature of the reactions which produce adducts and the alternative chemistry available to AHQ -2 . One could imagine that there is a sea of quinonemethides for AHQ -2 to react with (causing fragmentation or retardation of condensation, along with AQ liberation), but only an occasional adduct to reduce. 
Spectroscopic Results
In an attempt to observe adduct dissociation, we have examined the visible and nuclear magnetic resonance (NMR) spectral changes which occur when adduct 3a is heated in alkali.
The visible spectra were recorded in Quite obviously the equilibrium between 3a-and QM 2a and AHQ-2 appeared'in the NMR spectrum of warm solutions of 3a-.
However, both 2a and AHQ -2 must have been formed since they are prerequisites for the production of 10 -2 , which was observed.
The NMR sample at the conclusion of the experiment contained a large amount of solid, presumably AQ. The spectrum did not, however, show typical AQ signals, which in DMSO appear at 8.23 and 7.94';; the lack of signals here indicated that AQ was not in solution. Possibly, the pair of AB signals at 6.3 and 6.86 observed at 90°is an anthraquinone phenolate charge transfer complex. Quinones are known to complex with phenols. 1 6 The AQ portion of a phenolate charge transfer complex would be expected to show upfield NMR signals due to a greater electron density in the AQ ring.
In attempts to generate AQ-phenolate charge transfer complexes, hours, cooled and exposed to air. Filtration gave anthraquinone which, after drying, weighed 0.33 g (1.6 mmoles). Acidification of the filtrate with concentrated hydrochloric acid gave a precipitate. Filtration and air drying afforded 0.60 g (1.4 mmoles) of 10,10-di(4'-hydroxybenzyl)-9(lOH)anthracenone (10), mp 211-214°( methanol-water), identical to a sample of the same material prepared by alkylation of anthrone (9) with 2 equivalents of 6.2
The reaction was repeated and aliquots withdrawn at 3, 5, 10, 15, 20, 30, 60, 120, and 240 minutes after the start. Each sample was worked-up as described above. After methylation, the samples were analyzed by GC and in some cases GC-MS.
The 100anaerobic reactions of adduct 3a were repeated several times with different-levels of AHQ -2 present. The ratios of 3a to AHQ -2 examined were 1:1, 1:4, and 1:8. The products were worked-up as described above and analyzed by 1 H-NMR. 2 The level of 10-(4'-hydroxybenzyl)-9(10H)-anthracenone (11) The reaction was also repeated several times with the following variations: (a) a solvent system of 50:50 dioxanewater, (b) a solvent system of 75:25 dioxane water, and (c) a 50:50 dioxane-water system at 185°in a sealed bomb containing 12, AQ and glucose. In each of these cases 12 was recovered and no detectable reduction occurred.
A mixture of 1.5 g of 10-hydroxy-10-(3'-oxobutyl)-9(10H)anthracenone (13)2 and 8 equivalents of AHQ -2 were stirred at 100°f or 4 hours under nitrogen. The suspension was cooled, exposed to air and filtered to give a mixture of 13 and AQ.
Reduction of 10-Hydroxy-10-(4 '-hydroxy-3'-methoxy-a-methylbenzyl)-9(10H)-anthracenone (14) with'AHQ-2 . -To an aqueous solution (150 mL) of AHQ-2 , prepared from 1.9 g'(9.1 mmoles) of AQ and con- The solution was heated to 60°inside the NMR probe and spectra recorded at 0, 40, and 70 minutes. The last spectrum was still basically identical to the 30° spectrum except for the appearance of low intensity doublets at 6.3 and 6.86. The temperature of the probe was increased from 60 to 90°over a 2 minute period. A NMR spectrum after 10 min at 90°showed the appearance of signals at 6.34 and 6.84 (AB doublet, J = 8 Hz), 5.78 (s) and
3.36 (broad s); the peaks associated with 3a-had broadened and the doublets were no longer resolved., Spectra were recorded at 45, 80, 110, and 150 min. Except for the 6.34 and 6.84 doublets, the signals were somewhat broad after :150 min at 90°. The signals at 5.30 and 2.856, associated with 3a-, were barely detectable above the baseline noise. The sample, upon removal from the NMR probe, was saturated with solid precipitate.
About 50 mg of 10,10-di(4'-hydroxybenzyl-9(10H)-anthracenone Approximately, 50 mg of AQ was placed in a mixture of NaOD, D 2 0, DMSO-d 6 and sodium dithionite. The solution became dark red in color, indicative of AHQ-2 ; it was filtered into an NMR tube and a spectrum recorded at 90°: 7.05 (about 0.2 ppm wide, area 1) and 8.176 (about 0.2 ppm wide, area 1). Neither of these two signals were observed in the spectra of 3a-, recorded while heating.
Anthraquinone was added to the solution of 10-2 described above and NMR spectra recorded at 30 and 90°.
The spectra showed only 10-2. Likewise, AQ was added to a solution of p-cresol in D 2 0/OD-/DMSO-d 6 and a spectrum taken at 30°; only sodium pcresolate was observed.
